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Abstract 

A novel method for characterization of 
microslructure of coatings is presented. Properties of 
plasma spray coatings are affected by their 
microstructure, which depends on the spraying 
conditions. Therefore, a detailed knowledge of 
microstnicturc is veiy important in order to know the 
coating formation mechanism and the properties of the 
coatings. 

There are many studies to characterize the 
microstructure of coatings. In most of those studies, the 
microstnicturcs are characterized from the polished 
cross-section of the coatings, and the results strongly 
depend on the preparation methods. 

In this study, a new method for the characterization 
of coating microstructurcs by means of surface 
morphology is proposed. The distribution of shape and 
dimensions of splats were examined using quantitative 
analysis of scanning electron microscope images from 
tlie surface of the coatings. 

The resuks indicate that the surface moiphology 
strongly depends on the spraying conditions. 

Keywords; characterization, coating property, splat 
morphology, equivalent diameter, shape factor 



THERMAL SPRAY COATING is one of the 
engineering solution for wear and corrosion protection. 
Although, thermal spraying is widely used in many 
industrial applications, there are serious problems, such 
as low cohesive and adhesive strength and porosity. In 
order to improve the coating properties, it is important 



to know the influence of coating microstructure on 
mechanical properties and the relationships between 
spray parameters and microstiucturc of coating 

Properties of plasma spray coatings arc affected by 
their microstnicturc, which depends on the spraying 
conditions. Therefore^ a detailed knowledge of 
microstructure is veiy important in order to know the 
coating formation mechanism and the properties of the 
coatings. 

There are many studies to characterize the 
microstructure of coatings'^' ^' ^. However, in most of 
those studies, the microstructurcs are characterized 
from the polished cross-section of the coatings, and the 
results strongly depend on the preparation methods^^- ^. 

This paper describes a new method for evaluating 
the coating microstructure by means of surface 
morphology. The distribution of shape and dimensions 
of splats were examined using quantitative analysis of 
scanning electron microscope images from the surface 
of the coatings. 



Experimental Procedure 

Material 

The feedstock was a fused aiid crashed alumina 
powder (A1203, Japan Abrasive Co. Ltd., PC-WA-F) 
witli the purity of 99.8 mass%. The particle size 
distribution^ measured with a laser particle size 
analyzier, is shown in Table ! . The particle morphology, 
shown in Fig. J, is angular, typical of a fused and 
crashed powder. 

Processing Parameter 

The powder was plasma sprayed in air using a Bay- 
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State P-120 gun (40kw type) onto plain carbon steel 
substrate (50 x 50 x 5 mm^). The substrates were grit 
blasted with #24 alumina particles and alcohol rinsed. 
The spiay parameters were listed in Table 2. 

Tabic 1 . Particle size distribution of Teedstodc. 
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Fig. 1 . SEM image of feedstock alumina powder. 


Table 2. Plasma spraying parameters. 


Plasma Gas 


Ar,35//min 


Arc Current 


500, 600, 700 A 


Arc Voltage 


30» 31, 32 V 


Spray Distance 


70. 100, 130,160 mm 


Powder Gas 


Ar,3 //min 


Feeding Rate 


25 K/min 


Traverse Speed 


90mm/s, 5 nun/step 



flattening of splat, and the shape factor indicates the 
magnitude of peripheral material projections from the 
splats generated by impact. A series of 120 - 150 
readings of each measurement was randomly located 
on the coating surface. 

Equivalent diameter ; Dta 



Characterization 

Sprayed deposits were cross-sectioned, mounted in 
epoxy resin, ground and polished. Thickness of each 
specimen was measured from SEM images of these 
cross-sections. Porosity level was determined by image 
analysis. In addition, x-iay diffraction (XRD) patterns 
were taken from the suifece of the coatings, to 
detennine a / y ratio of the coatings. 

Surface Morphology 

Surface morphologies were characterized by shape 
and dimension of each splat measured from SEM 
images of coating surface. The equivalent diameter, 
Deq, defined as the diameter of a circle with the same 
area as the selected feature, and the shape factor, Fs, 
defined as the ratio of periphery of the splat to the 
circumference of the circle with the same area. (Fig 2) 
The equivalent diameter indicates the degree of 





Shape factor ; Fs 
Fig. 2. Splat shape and size factors. 

Results and Discussion 

Properties of Coatings 

Basic properties of the coatings, thickness, porosity 
and a / Y ratio of the coatings are shown in Fig. 3. Since 
the spraying distance affect those properties 
significantly, the properties were plotted against the 
spraying distance. The thickness of the coating was 
decreasing with tiie increasiiig of spraying distance. On 
the other hand, the porosity was increasing with the 
increasing of spraying distance. These results show that 
the deposition efficiency was decreasing with the 
increasing of spraying distance. 

The a / r ratio increased as the spr^ distance 
decreased It is well known that alumina spray coating 
mainly consist of g-alumina because of rapid cooling of 
well melted particles. Cooling rate of the melted 
particles after impinging seems not to depend on the 
spraying distance markedly. Thus the increasing a / y 
ratio caused by a decreasing spray distance may be due 
to particles that did not completely melt being 
incorporated in the coating/l/. The fact that the 
deposition efficiency was increasing with decreasing 
spraying distance is explained in terms of this 
mechanism. 

Surface Morphology 

Surface morphologies of each coating are shown m 
Fig. 4. It was found that splat morphologies varies with 
spraying distance. Figure 5 shows distribution of 
equivalent diameter of splals measured from the SEM 
image. 



594 




8610-^0/20/90 iVd 



«0 
(0 

c 



1000 
800 
600 
400 
2001- 
0 



♦ ft 




^ 20 

i 10 



1.0 
0.8 
0.6 
0.4 
0.2 



m 



o 

cs 



0.0 



♦ A 



50 100 150 200 

Spray distance, ds / mm 
Fig. 3. Properties of coatings. 

It seems to be no significant influence of spraying 
distance on the distributiun of equivalent diameter. 
However, the range of distribution increased with 
decreasing spray distance, as shown in Fig. 6. The 
distribution profile of coaling sprayed at 160mm was 
almost the same as that of the feedstock powder. 

On the other hand, the distribution profiles of the 
shape factor, shown in Fig. 7, presented significant 
characteristics. That is, tlie shape factors moved to 
larger value as the spraying distance decreased. It 
means that tl\e magnitude of peripheral material 
projects from the splals generated by impact increased 
with the decreasing of spraying distance, because of a 
low viscosity of melted particle just after impinging. If 
so, the degree of flattening of splat should be larger at 
the same time. However, as the spraying distance was 
decreased, the equivalent diameter spread not only to 
large diameter but also to small value. This may be due 
to a decrease of the mass of each splat caused by 



splashing, as well as secondary splat apart from primary 
splat. 



ds = 70mm 




ds ~ 100mm 




130mm 




ds - 160mm 
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Fig. 4. Surface morphologies of coatings. 
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Fig. 5. Equivalent diameter, z;eq, of coalings. 
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Fig. 6. Distribution of equivalent diameter. Oeq. 
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Fig- 7. Shape factor, f% of coatings. 

Figure 8 shows relationships between the shape 
factor and the equivalent diameter of each splat This 
figure clearly suggests the mechanism of coating 
formation, as illustrated schematically in Fig. 9, 
Because of high viscosity of the particles sprayed at 
160mm, 
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Fig. 8. Relationship between shape factor, 1% and 
equivalent diameter, /^eq- 
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Fig 9. Schematic illustralion of coating fonnation 
mecbanisni, 

splats did not splash, did not flatten, and could not 
incorporate unnielted particles into the coating. This 
fact results die small value of shape factor with almost 
the same equivalent diameter as the feedstock material 
powder. On the other hand, as the small spray distance^ 



splashing, flattening and incorporating of unmelted 
particles make wide variety of the equivalent diameter 
and the shape factor. This mechanism is consistent with 
high a / y ratio of the coating sprayed at short spiay 
distance. 

CooclusioD 

A new method for the characterization of coating 
microstiuctures by means of sur&ce morphology is 
proposed. The distribution of $h^ factor and 
equivalent diameter of splats were examined using 
quantitative analysis of scanning electron microscope 
images from the surface of the coatings. The results 
indicate that the surface moiphology strongly depends 
on the spmying conditions, and the mechanism of 
coating formation can be suggested by the surfece 
morphology. 
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Splat Formation in Off-Normal Angle Spray 



Fukanuma, K Huang 
Plasma Giksn Ck>., Ltd, Toda City. Saitam. Japan 



Introduction 

'.11\C thermal spray process in an orf-nunnal i-ingle spray 
has been little studied. Several sludies on microstniciurc and 
mechanical properties of off-normal angle spray deposits have 
been reported 11-3]. Montavon et al sttidied the splat 
morphology of ofT-noimal angle spraying und showed that the 
elong^ion ratio increases from approximately 1 to 2 when die 
Spray aitgle changes from 90' to 30", and that the aven^ splat 
Area is linle influenced by the spray angle [4, S}. Tl^e 
dortgatiort ratio is defined as the ratio of the longest distance 
"0" TO the shortest distance **b**. The length "tf* and *"b^ are 
shown in Fig.1. Montavon and Coddet investigated the 3D 
profile of the splat sprayed at off-noirnal angles. They reported 
thai the splat thickness proldle is inclined and that a lower 
spray angle induces a higher slope in the splat thickness [6]. 

A fdw numerical studies have been reported very 
recently. Sobolev et al reported the relationship between the 
llaiienlng chafacteristlc and tlie Reynolds number al ofl- 
normal spray angles [7], Tl)ey calculateJ the splat radius under 
a certain velocity Held in the splat and the assumption of splat 
circularity at spray angles between 90" to 45". They showed 
that, as the spray angle decreases* the splat radius increases 
and the particle pressure on the substrate sur&ce during 
flattening decreases. Our previous study proposed a 
mathematical model that predicted the elongation ratio as a 
function of the spray angle by introducing a parameter that 
influences the ratio of the parallel velocity to the perpendicular 
velocity of die particle to the substrate, llic model agreed with 
die experimental results at spray angles of 90' to 30" |81. 
Bussmann ct al reported the simulaiion results of off-angle 
impact by employing the RIPPLE method (9). Nickel particle 
impact in plasma and HVOF sprays were simulated in the 
suidy. 

The aim of the present study is to examine the splat 
shape ai oft-normal angles in plasma spray and to investigate 
the relationship between the splat elongation ratio and die 
spray angle on various spray materials and particle sizes. The 
applicabilky of the model to the experimental results is 
investigated. 




Fig. 1. The definition of the longest distance and sliortest 
distance of a splat 

Experimental Procedure 

in this Study, six powders of aluminum, copper and 
nldcel as metal spray matenah, and alumina, litania and 
ztroonia as oxide materials were spumed. Table 1 . 

llie substrate specimens were made of stainless steel. 
The dimensions of the specimen are ishown in Fig. 2-a. The 
spray angle "fl)" itluSlrated in Fig, 2-a was 90', 60\ 45', 
30" and 15". This is defined as the angle between the central 
axis of the torch and the surface plane of the specimen. Those 
six types of die specimen were arranged as shown in Fig. 2-b 
for plasma spraying. 

In the study, die plasma spiay torch was a SG*I00 from 
Miller Thermal Company. The one-pass spray was made in the 
direction shown in Fig. 2-b. The sptay parameters are listed in 
Table 2. 

Table 1. Chemical composition and particle sixe range of the 
spray powder. 



Material 


Chemical Composition 


Panicle Distribution 


Al 


99% Al 


< 106}un 


Cu 


99.3% Cu 


< 106 pm 


Ni 


99.8% Ni 


45-105 Mm 


AI2O3 


99% AI2O3 


IO-32|Jm 


TiOs 


99%TiO> 


10-4.5 pm 


Zr02 


93%Zr07,4%OiO 


5^-45 M-m 
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Tabic 2. Spray conditions for metals and oxides. 



Parameier 


Metal Material 


Oxide Material 


Arc Current 


800 A 


800 A 


Arc Voltage 


40 V 


40 V 


Arc Gas Flow Ar 


40 l/min. 


40 l/min. 


He 


20 l/min. 


42.5 l/min. 


Spray Distance 


100 mm 


100 mm 


Torch Traverse Speed 


SOO mrn/scc. 


^00 mm/sec. 


Substrate lertipcraturc 


400 'C 


-150 "C 



Results; and Discussions 



The shape of splats. Aluminum and alumina splals 
sprayed at angles of 90" to 15* are shown in Fig. 3 and 4, 
respectively, as typical examples. Figure. 3 shows that all 
ahtminum splats have projections ai oiind peripheral regions at 
evciy spray an^le. On Ihe contrary, alumina splats have 
distinctive outlines. Fig. 4. Figures 3 and 4 show that splats of 
aluminum and <ilumina elongate as the sprtiy angle decreases. 

The protlle ol splats ai an off-normal angle spray was 
found lo be elliptic. Twenty splats of different materials that 
were sprayed at 75" to 15* were photographed and the lengths 
"a" and of the splats shown Fig. I were measured from 
randomly selected photograph.-?. The cllip.se with die diametei-s 
that equaic "a'' and "6" of the jjpfet was drawn on transparenl 
paper and superimposed cm the splat*s phoiograpk Every splat 
was comp<ircd wkh the corresponding drawn ellipse. Hie 
results of nickel and zirconia splats aro shown in Fig. 5. The 
elliptic contours are dfawa witii a dashed line in dw figure. 
The figune shows diat the splai profile fits its corresponding 
ellipse except for the peripheral projections around Uic splat. 
In particular, the contour lines of zirconia splats are clear. On 
the contrary ihc outlines of nickel splats are less distinct due to 
splashing in the downstroam direction. 

Th<t relationship between "a" and The long 
lengdi and short length of splat "^j" and are defined as the 
major diameter and minor diameter of die cllip.<;e, respectively, 
because splats can be characterized as an ellipse. Major 
diameter "a" and minor diamcler "A" were measured on the 
splats of the six different materials at spray angles of 90" to 
15". Figures 6 shows tlml the relationship between the major 
diameter and d\e minor diameter of nickel spiats is 
linear ai every ajtlgle. 90' to 15", and that tl\e linear slope 
increases as spray angle decreases. Figure 7 imd 8 show that 
aluminum and alumma have the same relationship as nickel. 

'fhe relationships between and "i" of alumina, 
titaiiia, ^sirconia and aluminum are illustrated in f*ig. 9. Hie 
graph shows that tliese four ditlerent materials arc nearly on 
the same line at each spray angle. Huis, the ratio "a/*" is not 
influenced by the chemLstry of the materials. Figure 9 shows 
that'^flf" changes from around 50 jim to more than lOOO pm 
and "6" from less than 50 pm to around 400 pm. Hie linearity 
of the relationship between V and "6** liolds over the wide 
range of splat si^cs. lhat is, (he ratio "a/iT does not depend on 
the splat size. 




a. Specimen demcnsions 




b. The specimen! arramgement 

Fig. 2. Specimen dimensions and an^gcment for plasma 
Spray. 

Tlie flattenini; process generally depends on Ihc 
Reynolds numbei* [10,1 1 ]. The Reynolds number is defirted as: 

0) 

Where p, juid // are die particle density, the velocity 

at impact, the diameter and viscosity, respectively. The 
flattened splat size is described as a function of the Reynolds 
number. The ratio "a/ifr" is indepjmdcnt on the splat size and 
implies it does not depend on particle size, initial velocity 
and viscosity; that is, the mlio only depends on ihe spray 
angle. 

The elongation ratio and the model Montavon el al 
defined Uic ratio of "cr" to as the elongation ratio This 
temi is also used lo expi^s '^alb** ui this paper. Table 3 shows 
the experimental results «s the avbiage and standard deviation 
of the elongation ratio- The average elongation ratio increases 
as the spray angle deceases in al! tiie materials, the standard 
deviation also rises as the .spray angle is lowered. Each 
elongation ratio at 90* to 30' is vciy similar to the odiei^; 
except at (5* as shown in Fig. 1 0. 

The elongation ratio of copper is shown in Fig. i 1 and 
that of (itinia in Fig. 1 2. The curves tliat were predicted by the 
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Table 3. Hie average and standard deviation of tKe mlio 'W/i" in the expcrimtsntal results. 



Material 








Spray Angle ^ 








90" 


75- 






30" 


15' 




Ratio AvcTdge 


1.005 


1.142 


1 1 OA 


1.471 


2.124 


4.506 


Nickel 


Slandard Deviation 


0.046 


0.060 






0.166 


0.482 




Sample Size 


52 


60 






83 


63 




Raiio Average 


1.002 


1. 124 






2.046 


5.459 


Copper 


Standard Ueviaiion 


0.049 


0.037 


0,039 


0.093 


0.169 


0J35 


Sample Size 


10 


25 


13 


21 


17 


24 




Ratio Average 


1.001 


1.048 


1.223 


1 40 <i 
Jl r*/J 


2.196 


4.853 


Aluminuni 


Standard Deviation 


0.0.1 g 


0,033 


0.061 


0.084 


0.177 


0.665 




Sample Size 


30 


34 


38 


34 


49 


38 




Ratio Average 


1.005 


1.050 


1.189 


1.462 


2.048 


3.984 


Alumina 


Standard Deviation 


0.018 


0.029 


0.048 


0.082 


0.173 


0.759 




Sajnple Si^ 


87 


100 


119 


85 


90 


88 




Ratio Aver<)ge 




L063 


1.172 


i.435 


2,133 


4.196 


Titunia 


Standard Devtattun 




0.029 


0.031 


0.116 


0.108 


0.307 




Sacnplc SizxA 




16 


15 


20 


16 


19 




Riilio Average 




1.060 


LI98 


i.42;d 


1.989 


3,734 


ZirCOniH 


Standard Deviation 




0.041 


0.050 


0.1 4:g 


0.138 


0.419 




Sample Si^e 




16 


23 


24 


19 


24 



mathematical model proposed lu our previous study are 
plotted in tlie graphs [8] - I'he model derived an expression that 
desci'Ibes the elong^ion t-atio fJi as a (unction of the spray 
angle q> and a parameter n. The equation is expres.<»d a$: 



1 



I -l+> jl + 576n^taa^ 
V "'*™288n^TailV 



(2) 



The model curve agrees well with the experimental rei»ulls at 
spray angles from 90' to 30'; however the theoretical value at 
15' is larger dian die experimental value, shown Fig. 11 and 
12. tlie drop in splat tempenUwre during flattening may cau.<;e 
tlu» Lirge deviation of the model from the experimental results. 
I>ecause the model assumes [hat the flattenti^ process is 
tsolhcnnHl. Hie flattening time becomes longer as the spray 
<uiglc is lowered due to a reduction in the peqicndicular 
velocity with respect to the substrate, that is. splat temperature 
at a lower angle becomes lower. Lower temperature causes 
higher viscosity of the molten fluid. The model also assumes 
that tiie parlielc moves relatively faster in Ihc parallel direction 
to the substrate d>an in the perpendiadar direction. The 
parameter expresses tlie degree of resistance for tlie 
paitlcle to move in the parallel direction. When tlie paiticle 
viscosity become higher, the ratio of the parallel vclocily to 
the perpendieuliir velocity may decrease. Ihen the elongation 
ratio lowers. The change of the viscosity during flatrenin& may 
allect the elongation ratio. If the viscosity maintains the initial 
value during splat formation, the ratio could become lajger, 
'Hiis may be dte reason why the dieoretical value becomes 
larger than the e)q}crimental Tcsult^. 



Variation in the experimental results* The standard 
deviation of the experimental elongation ratio increases as the 
spray angle decreases; as shown in Table 3 and Fig. 10. This 
deviaiiou of the experimental elongation i^tiu increases as the 
$j)ray angle decreases; a9 shown in Table- 3 and Fig. 10. 



a: 

c 



o Ni 

□ <;« 

o Al 

Ot AlZO^ 

7 Ti02 

• 2i02 



60 Cy *iO 

Spniy Angle f 1 



Fig. 10. The average add standard deviation of the elongation 
ratio ai spray angles of 75* to 15" for all materials. 
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Spray angle (* J 

Fig. 1 ) . 'file rulatiunship between the elongation ralio and die 
spray angle in Cupper spr^, and die compan!>on of 
tlie model with experimentil results. 




60 45 
Spniy Angle [" ) 

f-'ig. 11. The relationship l^etween tt\e elongation ratio and the 
spray angle in Titania spr^y, and Ihe comparison of 
the model wiih experimental results. 

This variation originates from broadening of the spray pattern. 
The particle stream from Ihc plasma no2zle has a broadening 
angle, as shown in Fig. 13. The particle impact angle changes 
in the range ^ lo The difference between tlie maximum 
and minimum elon|h;aiiun rdtto at .spray angle ip h obtained 
fiwn £'i?(v')- The next equation holds; 



Tourch 



Spray pattern 




Fig. 13. Tile broadening pOMfdcr stream and Ihc variation of 
impinging angle. 



- - • 


Cupper 


o- - 


Alumina 


V — muoci 




Spray Angler J 



(3) 



Fig. M. The comparison of the standard deviation with tlie 
variation cau.<;ed by the broadened particle stream. 

becau.^ ^-^9+^ and yir^-ip-r.. 

The value obtained by substituting £ -1° into Eq. 3 and the 
■<itaiiddrd devfation in the case of copper and alumina arc 
shown f^lg. 14. The variation of die experimental re.sults 
appears to be explained by the broadened powder stream from 
ihe plasma torch. 
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Conclusions 

I he splat shape spraye<l al oft-nomial angle is clliplic. In 
particular, Ihe profiles of the oxide splats w<jrc clear aiul fil an 
elliptical-shaped footprint (|uilo well. The metal splat contours 
also agreed witii the elliptic curves except for projections 
peripheral. 

The relationship bclwcen the major and minor diameters 
showed strong Uncarify over tlic wide range of splat sizes. 
This implies that the elongation ratio docs not depend on die 
particle diameter and the impact velocity. This behavior 
appears to validate the model because the model equation does 
not contain ellhcr tho particle diameter or the impact velocity 
explicitly. 

The experimental rcsulls of tl>e elongation ratio on all 
the materials were very similar in tlie range of 90* to 30". The 
results at 15^ varied aiid were dependent on the material. 

The model agreed well wlrti Ihc elongation ratio of the 
experimental results in the range between 90' and 30*. The 
model values were over-esttmalcd dian the praetical results at 
spray angles less than 15\ 
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